Verification study for C TX of Athena bare hull with skeg (Fr=0.48). 
I. INTRODUCTION
Current procedures for quantitative estimates for grid and time convergence uncertainties for CFD solutions are based on first-order Richardson extrapolation (RE)
error estimates with factors of safety (FS) used for expanded uncertainty estimates.
Roache [1, 2] proposed the grid-convergence index (GCI) with FS=1.25 for systematic grid-triplet studies using RE estimate for order of accuracy k p (k=G for grid, k=T for time, and k=P for similar parameters) and FS=3 for 2-grid sensitivity studies using theoretical estimate for order of accuracy th k p . The GCI is widely used and recommended by ASME [3] and AIAA [4] . The authors and colleagues proposed a correction factor (C k ) method [5, 6] with linearly increasing FS vs. distance from the asymptotic range 
II. IMPROVED FS FOR RE ESTIMATED LARGER THAN THEORETICAL ORDER OF ACCURACY
Grid and time convergence studies are conducted with multiple solutions (at least 
except when solutions are very close to the AR. The error estimate can be improved using correction factors, i.e.,
, which is used to estimate the uncertainty for uncorrected solutions by bounding the error * k  by the sum of the absolute value of the corrected RE error estimate and the absolute value of the amount of the correction with provision for 10% FS in the limit of 1 
For corrected solutions, [6] method is equivalent to the GCI, but with a variable FS that increases linearly with the distance of solutions increases from the AR, as shown in Fig. 1 .
Verification studies have shown that the estimates of k U and C k U using Eqns. (3) and (4) 
Second, Eqn. (1) 
Additionally, two 3 rd order polynomials instead of two quadratic functions as used in [6] are used to generate smoother curves of FS for 0.875<C k 1. 
Compared to C k [6] , the improved C k method introduces an additional term   Figure 1 compares FS predicted by the improved C k , C k [6] , and GCI methods with a zoomed in view near the AR shown in Fig. 2 .
Compared with the C k [6] method, the improved C k method is more conservative for C k >0.875 except with the same FS at C k =1. The intersection points between the improved C k and GCI methods depends on value FS used in GCI, e.g., for FS=1.25
intersection points are C k = (0.875, 1.06) and (0.75, 1.12) for uncorrected and corrected solutions, respectively. When solutions are between the intersection points, i.e., closer to the AR, the GCI method is more conservative than the improved C k method. When 6 solutions are outside the intersection points, i.e., further from the AR, the GCI method is less conservative than the improved C k method. 
III. EXAMPLES FOR SHIP HYDRODYNAMICS APPLICATIONS
To demonstrate that the improved C k method predicts more reasonable intervals of grid uncertainties than C k [6] and GCI methods for industrial applications, the three methods are applied for a recent study [7] that used computational towing tank procedures for single run curves of resistance and propulsion for the high-speed transom ship Athena barehull with a skeg using the general-purpose solver CFDShip-Iowa-V.4 is insensitive to the refinement of grids and the average I U is 0.18%, 0.15%, and 0.2%
for C TX , sinkage and trim, respectively. C TX monotonically converges for 6 sets of grids except those with the coarsest grid 7 involved, whereas motions are more difficult to converge. Verification results for monotonic converged solutions are presented in Tables   1 and 2 C TX is based on static wetted area; Factor of safety for GCI is 1.25
As shown in Table 1 , U G of C TX for grids (4, 5, 6) is unreasonable large as it is too far away from the asymptotic range. U G of C TX for grids (1,2,3) using the C k [6] is (2, 3, 4) , the improved C k method predicts more reasonable U G (8.73%), which is 2 times the magnitude using C k [6] method and one order of magnitude larger than that using GCI. When solutions are closer to the AR, the differences between the U G using the three methods decrease. As shown in Table 2 for trim on grids (1, 3, 5) where C G =1.09, U G is of the same order of magnitude for the three methods. Nonetheless, the improved C k method is more conservative than GCI and GCI is more conservative than the C k [6] method, which is consistent with the observation in Fig. 2 for 1 .06<C G 1.125. 
IV. CONCLUSIONS AND FUTURE WORK

